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 Hua  Kuang ,*  and  Chuanlai  Xu *  Chirality in nanocolloids originates from the absence of a 
plane of symmetry in complex nanoparticles (NPs) and their 
assemblies. [ 1–7 ] In a broader sense it can be considered to be a 
consequence of dimensional and chemical similarity between 
NPs and globular biomacromolecules [ 8 ] which also manifests 
in their optical activity with respect to circularly polarized (CP) 
photons when different extinction values are recorded when 
illuminated using left and right CP light. [ 9–11 ] Chirality is par-
ticularly strong for plasmonic nanoparticles [ 12,13 ] and plasmonic 
chiral nanomaterials [ 14,15 ] have found applications in the sensi-
tive characterization of biomolecules. [ 16 ] The spatial arrange-
ment, [ 17–19 ] morphology, [ 20–22 ] gap distance, [ 23–25 ] and plasmonic 
coupling intensity [ 26 ] of nanoparticles (NPs) are key factors in 
determining plasmonic chiroptical response. Helical assem-
blies of plasmonic NPs [ 27 ] and other NPs [ 28 ] can further enhance 
the optical activity. Despite some important advances in plas-
monic chirality, the systematic understanding and utilization of 
this property are still considered an elusive pursuit. 
 Early work by our team demonstrated the fabrication of 
plasmonic chiral assemblies with intense chiroptical effects. [ 29 ] 
Soon thereafter, 2D origami, [ 30,31 ] supramolecular fi bers, [ 32 ] 
antibody-antigen reaction [ 33 ] and DNA scaffolds, [ 29 ] were used 
to fabricate plasmonic chiral architectures with different geo-
metries, such as ladder superstructures, [ 34 ] helices [ 30 ] and pyra-
mids, [ 35 ] among others. As these studies usually involve com-
plex assemblies with specifi c multi-NPs spatial arrangement, 
a main obstacle remains the poor understanding of the nature © 2013 WILEY-VCH Verlag Gwileyonlinelibrary.com
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Ann Arbor ,  Michigan ,  48109 ,  USA of plasmonic chirality in each case. Simutaneously, the limited 
recognition ability of biomolecules (e.g. antibodies) toward var-
ious analytes and loss of their recognition activity upon binding 
on nanomaterials (e.g. the recognition site of antibodies may 
bind on the surface of nanomaterials) make these biomolecules 
unsuitable for the design of high stability sensors. Thus, devel-
oping assemblies with a simple structure and intense chirop-
tical signal for applications in biosensing requires a careful 
design in which the nature of plasmonic chirality can be sys-
tematically evaluated. Herein, we report the preparation of dis-
crete chiral assemblies that do not depend on a template and 
can feature the required characteristics. These assemblies show 
no tendency to aggregate, which is essential for repeatability in 
chiroptical activity due to low sedimentation coeffi cients. [ 36,37 ] 
These assemblies do not require using a chiral template or an 
effective three-dimensional arrangement of the NPs, and there-
fore the simple assembly process can be easily and effectively 
controlled. We demonstrate that the formation of such chirop-
tical assemblies is selectively triggered by the presence of Ag + 
ions, thus rendering the system an effi cient and sensitive silver 
ion sensor. 
 Ionic silver species are considered hazardous in natural 
water environment due to their bioaccumulation and toxicity, 
and for this reason silver ions were chosen as a model system 
fordetection. The detection mechanism that we present here 
is based on changes of the circular dichroism (CD) spectrum 
when the assembly of plasmonic NP heterodimers takes place 
through metal-mediated base pair (cytosine–Ag + –cytosine) 
formation. As illustrated in  Figure  1 , we prepared gold nano-
particles (Au NPs) with two different sizes, 10 and 25 nm, 
coated with terminal thiol-functionalized DNA3 or DNA4 (26 
base-pairs, see Table S1), respectively. To enhance the colloidal 
stability of the Au NPs an electrostatic stabilizer was employed, 
dipotassium bis ( p -sulfonatophenyl) phenylphosphane dihy-
drate. The DNA3–10 nm Au NPs and DNA4–25 nm Au NPs 
were purifi ed by repeated centrifugation and redispersion in 
0.5× Tris-borate buffer. When the two DNA-functionalized Au 
NP probes were mixed in a sample solution containing the 
target silver ions, a recognition process [ 38–40 ] driven by Ag + 
promoted the assembly of the two types of Au NP probes into 
heterodimers. This assembly markedly increased the bulk chi-
roptical activity of the solution, which could be readily detected 
by CD spectroscopy. Indeed, the increase of the CD intensity 
of the solution could be quantitatively correlated with the silver 
ion concentration, since a higher silver ion concentration leads 
to more extensive assembly of Au NPs to form heterodimers, 
with a concomitant enhancement of the CD intensity in the vis-













 Figure 1.  Schematic representation of the detection of Ag + ions based on Cyt-Ag-Cyt recogni-
tion between 10 nm and 25 nm Au NPs, each modifi ed with different thiol-terminated cyto-
sine-rich DNA3 or DNA4. Circular dichroism is measured as the difference in absorbance of 
circularly polarized light as a function of wavelength.  The minimum silver ion concentration required to induce 
heterodimer formation was determined by monitoring the 
yield of dimers as studied by transmission electron micros-
copy (TEM) images. We found that a concentration of silver 
ions as low as 10 nM was suffi cient to induce the formation 
of a high abundance of heterodimers ( Figure  2 A). To rule out 
the possibility of non-specifi c adsorption, and other assembly 
processes, [ 41 ] a mixture of 10 nm Au NPs-DNA3 and 25 nm 
Au NPs-DNA4 was characterized by TEM (Figure  2 A, inset), 
revealing the complete absence of dimers. The chemical com-
position of the gap was assessed by X-ray energy dispersive 
spectroscopy (XEDS) analysis in conjunction with TEM. As 
shown in Figure S1, the EDS spectrum showed the presence 
of two major elements: Au (99.5%) and Ag (0.5%). The Au and 
Ag peaks are expected to result from the heterodimer and DNA 
duplexes, confi rming the presence of silver ions in the gap of 
the dimer. 
 The formation of chiral plasmonic heterodimers in solu-
tion was validated by the experimental CD spectra. As 
shown in Figure  2 B, the absolute values of CD intensities 
in the UV region increased in the order: ssDNA (1.11 mdeg) 
< DNA duplexes ( − 3.87 mdeg) < dimer assembled by 
26 bp DNA ( − 29.64 mdeg). The CD intensity of ssDNA is 
weak due to its random-coil structure composed of dNTP 
(chiral molecules). [ 42 ] In the Vis/NIR range, the ssDNA, 
DNA duplexes, and Au NP-ssDNA did not exhibit any CD 
response above the random noise. However, a CD signal 
could be observed at 525 nm for the heterodimer assembled 
by DNA duplexes, which we assign to the chiral coupling 
of the LSPR modes of the Au NPs within the heterodimers 
(Figure  2 B). Since a dimer made of two perfect spheres is 
in principle not expected to display chiral response (it does 
have a mirror image), we hypothesize that the observed CD © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Optical Mater. 2013, 1, 626–630signal arises because of the deviations of 
the NPs from sphericity, as confi rmed by 
TEM (Figure  2 A). The synthesized Au NPs 
could be considered as elongated ellipsoids, 
for which elongation factors of 1.29 and 
1.21 were statistically calculated, for 25 nm 
and 10 nm Au NPs, respectively. The strong 
chirality of the heterodimers is believed to 
be the result of plasmon-induced chirality 
affected by interference of the chiralmole-
cular dipole with two isolated coupled 
plasmons in the heterodimers (Supporting 
Information). [ 43 ] The evidence of chiral 
properties of NP dimers and larger sys-
tems based on “cross-fi nger” geometries  [ 26 ] 
can also be seen in other systems reported 
before. [ 33,44 ] The chiral preference of one 
enatiomer over the other can originate from 
the tpreferential wisting of DNA which 
rotates of one elongated NP in respect to 
the other in clockwise or counterclockwise 
direction corresponding to the two possible 
chiral isomers. In this perspective, the NP 
dimers become similar to DNA-connected 
chiral nanorod dimers described in our 
recent work. [ 45 ] Simulations based on the dimensions determined by TEM provided calculated CD 
responses that are in agreement with the experimental results 
(Figure  2 B,C). The close match of the calculated and experi-
mental spectra support this hypothesis although does not 
necessarily exclude the possibility of potential explanations 
of the origin of chirality in this system. It is clear, however 
that the observation of strong chiroptic activity in nanopar-
ticle dimers connected by DNA indicates our limitation of 
knowledge of this seemingly simple system and their devia-
tion from the common model of ideal spheres. 
 To develop the plasmonic chiral sensing system, we designed 
assemblies mediated by chiral molecules (DNA duplexes) and 
achiral molecules (D,L-dithiothreitol, D,L-DTT, mesomeric). 
Indeed, Figure  2 B shows that the heterodimers formed by both 
chiral and achiral molecules gave rise to strong CD signals in 
the visible range, namely between 450 and 600 nm, with high 
yields (73.8% and 71.2%, respectively) (Figure S2). The intensity 
of the chirality from the dimer formed by DNA ( − 116.3 mdeg) 
was signifi cantly higher than that recorded from the dimer 
formed by DTT ( − 39.1 mdeg). 
 The detection performance of our system was optimized 
by systematically varying the gap distances between the NPs 
at the heterodimers, which was accomplished by using DNA 
strands made of 13, 26, and 39 base-pairs (bps) (see Table S1). 
The different gap distance between the heterodimers was 
expected to affect both the non-parallel polarized chirality [ 25 ] 
and the plasmon-induced chirality. [ 26 ] The results show that 
the CD saturated intensities at 525 nm for heterodimers linked 
by 13, 26, and 39 bps were  − 68.88,  − 113.08, and  − 33.61 mdeg, 
respectively ( Figure  3 ). For the two heterodimers assembled 
by 13 bp and 26 bp DNA, the CD intensity at 525 nm was 
stronger than that of the heterodimer assembled by 39 bp 















 Figure 2.  (A) Representative TEM image of heterodimers formed by silver 
ions (left). The inset shows a TEM image of a mixture of 10 nm Au NPs 
and 25 nm Au NPs prior to the addition of Ag + . Amplifi ed TEM image of 
heterodimers formed by silver ions (right). (B) Overall CD spectra and 
UV/Vis absorbance spectra of ssDNA, DNA duplexes, Au NPs-ssDNA, 
dimer formed by DTT, and dimer formed by DNA. (C) Calculated CD 
spectra and UV/Vis absorbance spectra of dimer formed by silver ions 
DNA. of non-parallel polarized chirality and the plasmon-induced 
chirality. The CD intensity from the heterodimer assembled 
by 26 bp DNA was stronger than that from the heterodimer 
assembled by 13 bp DNA in solution. These differences could 
be related to (a) nanoscale mechanics of DNA bridges twisting 
the NPs in respect to each other or (b) lower yield of the het-
erodimer assembled by 13 bp DNA as compared to that from 
the heterodimer assembled by 26 bp DNA (Figure  3 B), and 
which may arise from steric hindrance of DNA hybridiza-
tion and result in a lower likelihood of DNA interaction for 
the shorter DNA. For the heterodimer assembled by 26 bp wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GDNA, the detection sensitivity was higher than those assem-
bled by 13 and 39 bp DNA, and the 26 bp DNA was selected 
to fabricate the model sensing system. Interestingly, the same 
trend has been obtained through calculations for the same 
Au NP dimensions and separation distances (see Supporting 
Information). 
 As shown in  Figure  4 A, when silver ions (our analyte) were 
added to the NP heterodimers (the mixture of DNA3–10 nm 
Au NPs and DNA4–25 nm Au NPs), the CD intensity at 
525 nm increased signifi cantly. The relationship between the 
CD intensity at 525 nm and the formation of heterodimers 
was statistically analyzed by measuring (using TEM) the yield 
of hetero dimer formation at different Ag + concentrations 
(Figure  4 C). We found that the yield of heterodimers indeed 
increased with increasing silver ion concentration. Further-
more, formation of the heterodimer had no obvious effect 
on the UV/vis absorbance spectrum, indicating that the CD 
intensity was signifi cantly more suitable as a detection signal 
and provided a much more sensitive detection performance. 
The anisotropy factor ( g -factor) can be used as a key indicator 
to evaluate the detection performance regardless of the detec-
tion system. The  g -factor of the plasmonic chiral assemblies 
can be as high as 1.6 × 10 −2 (Figure S6), which is signifi cantly 
higher than those of liquid chromatography detection based 
on chiroptical activity (9.9 × 10 −5 ). [ 46 ] By plotting the varia-
tion in CD intensity at 525 nm at different concentrations of 
Ag + , a calibration curve was constructed as a function of loga-
rithmic Ag + concentration (Figure  4 B). This method showed 
a good correlation coeffi cient of  R 2  = 0.9913, within a linear 
detection range of 0.005–10 nM, with a limit of detection 
(LOD) of 2 pM, which is lower than those typical of fl uore-
scence assays, [ 38–40 ] electrochemistry [ 47,48 ] and atomic absorp-
tion spectrometry (AAS) [ 49 ] methods, which have often been 
regarded as the most sensitive assay methods. Moreover, 
the sensing parameters for silver ions surpass the required 
standard for drinking water by the US Environmental Protec-
tion Agency (EPA), which is 460 n m . To examine the speci-
fi city of the detection system, we compared the detection of 
Al 3+ , Zn 2+ , Mn 2+ , Hg + , Fe 2+ , Cu 2+ , Cr 6+ , Co 2+ , and Cd 2+ . The 
CD intensities elicited by these ions (100 nM) were weak, 
confi rming that our system was highly specifi c for Ag + detec-
tion (Figure  4 D). 
 In summary, we have successfully demonstrated a sensitive 
plasmonic chiroptical sensor based on Au NP heterodimers 
with good dispersibility, controllability, and repeatability. By 
self-assembly of Au NPs of two different sizes, mediated by 
both chiral and achiral molecules, we observed that plasmonic 
CD signals were obtained in the visible region. We believe 
that the chirality of the plasmonic heterodimers was a super-
position of non-parallel polarized chirality (of slightly aniso-
tropic NPs), while symmetry breaking between the two pos-
sible isomers—with clockwise and counterclockwise twists—
originates from the mechanics of DNA bridges resulting in 
the twist preferentially in one direction.The distance was opti-
mized, and under optimal conditions the method permitted 
the detection of Ag + ions with a LOD of 2 pM. This analytical 
method should fi nd a variety of applications, including the 
chiral plasmon detection of small molecules, biomacromole-
cules, and DNA. mbH & Co. KGaA, Weinheim Adv. Optical Mater. 2013, 1, 626–630













 Figure 4.  A) CD spectra and corresponding UV/Vis spectra after addition of different concentrations of silver ions. B) Plot of the variation in CD 
intensity at 525 nm, as a function of logarithmic silver ion concentration, showing good linearity up to 10 nM, and no obvious change in absorption 
intensity at 525 nm. C) Statistical analysis of the number of Au NPs assembled at different Ag + concentrations. Statistical analysis was carried out on 
the basis of different silver ion concentrations for assemblies classifi ed as monomers, dimers, trimers, and others. D) Selectivity of the developed CD 
probe for silver ions over other metal ions. The concentration of each metal ion was 100 nM. 
 Figure 3.  (A) DNA length-dependent CD spectra of chiral plasmon heterodimers. (B) Statistical analysis of the number of Au NPs assembled for dif-
ferent DNA lengths. Statistical analysis was carried out on the basis of different DNA lengths of assemblies classifi ed as monomers, dimers, trimers, 
and others. (C) Dynamic light scattering size distributions of Au NPs in different states, as labeled. (D) Mean average hydrodynamic diameters of Au 
NPs in different states. 
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